We have previously investigated effects of moderate maternal zinc (Zn) restriction on growth and glucose homeostasis in offspring, but interaction between maternal Zn restriction and postnatal nutrition have not been studied. results: Weight and serum Zn were lower in ZnD-IN than in Znc-IN rats at wk 3, but ZnD-aN and ZnD-eN rats had greater weights than respective controls and higher insulin-like growth factor-1 (ZnD-aN) and leptin levels (ZnD-eN). subsequently, both ZnD-aN and ZnD-eN pups were insulin resistant, and had evidence of elevated serum leptin and depressed insulin receptor phosphorylation with gender-specific differences up to 15 weeks. dIscussIon: Maternal Zn restriction interacted with postnatal nutritional status, resulting in divergent effects on weight gain and insulin resistance. Interaction between potential effects of fetal Zn restriction and food availability postnatally may be one factor responsible for later metabolic derangements. MetHods: Rats were fed Zn restricted (ZnD, 7 μg/g) or control (Znc, 25 μg/g) diets ad libitum from 3 wk pre-conception to 3 wk post-parturition. Postnatally, litters were culled to 13 (IN, inadequate nutrition), 7 (aN, adequate nutrition), and 4 (eN, excess nutrition) pups/dam, respectively, and nursed by their original mothers. Postweaning, pups were fed rodent diet ad libitum. Tests to assess insulin resistance were performed subsequently.
I
ncreased prevalence of the insulin resistance syndrome and type 2 diabetes has been noted worldwide, including in both developed and developing countries (1) . Different "thrifty fetus" hypotheses (2,3) have been proposed to explain some of the possible causes of the escalating epidemic of diabetes from both genetic and environmental perspectives (4) . Evidence from human and animal studies suggests that early nutritional disruption may program long-term metabolic modifications, possibly resulting from either adaptive changes in gene expression and/or preferential clonal selection of adapted cells in programmed tissues (5) . The "developmental origins of health and disease" hypothesis proposed by Hales et al. in 1992 (3,6) suggests that inadequate nutrition (IN) during fetal life causes permanent metabolic modifications in offspring, leading to increased risks of diabetes and cardiovascular diseases in adulthood.
In addition to the demonstrated link between early nutritional programming and development of diabetes and obesity in later life (5) , both fetal programming effects (7) and a rapid rate of postnatal catch-up growth are strong predictors of later metabolic diseases such as insulin resistance and obesity (8) (9) (10) (11) (12) . The influence of nutritional programming on lifetime growth has been shown to occur at critical periods of early life (13) . Snoeck et al. have shown that postnatal exposure to a low-protein diet results in permanently decreased body size in animals, whereas prenatal exposure to malnutrition does not have the same effect (14) . Data suggest that variation in both fetal and postnatal dietary intake may participate in long-term effects on the development of obesity and diabetes in the offspring.
Dietary zinc (Zn) plays important roles in growth and development (15) (16) (17) . Increased Zn requirements during periods of rapid growth (16) , such as infancy, adolescence, pregnancy, and lactation, increase the risk for Zn restriction. The potentially large number of vulnerable pregnant women with mild Zn restriction worldwide is difficult to estimate but may be a reason for an increase in the development of insulin resistance. In a previous study using a rat model, we observed that maternal Zn restriction caused impaired glucose sensitivity in the offspring (18) . However, effects of differences in postnatal nutrition and interactions between maternal Zn restriction and postnatal nutritional manipulations on the offspring were not investigated. This study was designed to examine potential links between the thrifty phenotype hypothesis and the development of obesity and diabetes in adulthood and to explore relationships between prenatal Zn restriction and postnatal dietary sufficiency or excess in the development of these metabolic disorders.
Results
Weight gain and food intake did not differ between control diet (ZnC) and Zn-restricted diet (ZnD) dams during the study period. There were no differences in litter size (ZnC, 14.7 ± 1.6; ZnD, 14.0 ± 1.9) or birth weight (ZnC, 7.16 ± 0.83 g; ZnD, 6.84 ± 0.83 g) between ZnC and ZnD groups.
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Growth of Pups
ZnD-IN pups weighed significantly less than ZnC-IN pups at wk 1.5 and 3 (roughly 30% and 18% less, respectively, Table 1 , P < 0.05). At wk 1.5 and 3, body weight did not differ between ZnC-AN and ZnD-AN pups, but ZnD-EN pups had significantly higher body weight than ZnC-EN pups (roughly 10% and 15% greater, respectively, Table 1 , P < 0.05). No gender differences were observed and so data at wk 1.5 and 3 were pooled ( Table 1) . Two-way ANOVA indicated significant effects of maternal Zn restriction (P = 0.002) at wk 1.5 and postnatal nutrition (P < 0.0001) on body weight and a significant interaction between maternal and postnatal effects (P < 0.0001) at wk 1.5 and 3 ( Table 1) .
After the pups were weaned, ZnD-IN males weighed less than ZnC-IN males at wk 5 ( Table 1 , P < 0.05) but not subsequently. Body weight did not significantly differ between ZnC-AN and ZnD-AN males or females after weaning ( Table 1) . ZnD-EN males weighed significantly more than ZnC-EN males only at wk 5 ( Table 1) . However, there were consistent increments in weight of ZnD females (3-4%) and males (6-7%) as compared to ZnC that remained at wk 10 and 12, but these were not statistically significant. Two-way ANOVA indicated no significant effect of maternal Zn restriction on body weight after weaning; however, there were significant effects of postnatal nutrition status on body weight and significant interactions between maternal and postnatal effects in males at wk 5, 10, and 12 and in females at wk 5 (P < 0.05, Table 1 ). Effects of postnatal overnutrition persisted longer in males (wk 12) than in females (wk 10).
Zn Status of Pups
Serum Zn levels did not differ between dietary groups at birth (ZnC, 56.1 ± 7.4 µmol/l; ZnD, 55.2 ± 6.2 µmol/l; n = 20), but ZnD pups had significantly lower hepatic Zn concentration (ZnC, 1.64 ± 0.23 µmol/g; ZnD, 1.13 ± 0.16 µmol/g; n = 20, P < 0.05) and total liver Zn content (ZnC, 0.44 ± 0.10 µmol; ZnD, 0.32 ± 0.1 µmol; n = 20, P < 0.05) than respective controls at birth despite similar liver weights.
Significantly lower serum Zn levels were found in ZnD-IN pups as compared with ZnC-IN pups at wk 3 ( Table 2 ), but not in the adequate nutrition (AN) or excess nutrition (EN) groups. Although ZnD-AN and ZnD-EN pups had significantly lower liver Zn concentrations as compared with respective controls at wk 3 ( Table 2 , P < 0.05), notably, the proportion of liver weight relative to total body weight was higher in ZnD-AN and ZnD-EN pups as compared with controls. This resulted in no significant difference in total liver Zn content between dietary groups (ZnC-AN, 0.77 ± 0.09 µmol; ZnD-AN, 0.73 ± 0.12 µmol; ZnC-EN, 0.84 ± 0.13 µmol; ZnD-EN, 0.78 ± 0.16 µmol, n = 20).
Blood Glucose Level and Serum Parameters
Blood glucose and serum C-peptide levels were similar in the ZnC-IN and ZnD-IN groups; however, maternal Zn restriction was associated with significantly higher levels of glucose and C-peptide in ZnD-AN and ZnD-EN pups at wk 3 than in the ZnC groups (Table 2, P < 0.05). Serum insulin concentrations at wk 3 were 50% higher in ZnD-EN rats as compared with ZnC-EN rats ( Table 2) . Insulin values for the two AN groups were similar. However, despite this, ZnD-AN rats had significantly higher serum insulin-like growth factor-1 (IGF-1) levels than ZnC-AN rats ( Table 2) , and ZnD-EN rats had significantly greater serum leptin levels than ZnC-EN rats at wk 3 ( Table 2) . Two-way ANOVA also indicated that there were significant effects of maternal Zn restriction and postnatal overnutrition and interactions between these effects on leptin levels at wk 3 (P < 0.05).
By wk 15, ZnD-AN and ZnD-EN males, but not females, continued to have significantly higher levels of serum C-peptide, insulin, and leptin than their respective control males ( Table 3 , P < 0.05), and two-way ANOVA confirmed significant effects of maternal Zn restriction on blood glucose and serum C-peptide, insulin, and leptin levels only in males ( Articles Jou et al. P < 0.05). Blood glucose and serum C-peptide and leptin levels did not differ between ZnC and ZnD females ( Table 3) . Moreover, two-way ANOVA indicated that postnatal overnutrition was associated with increased leptin levels in both male and female offspring of ZnD mothers relative to controls at wk 15 ( Table 3 , P < 0.0001).
Insulin Sensitivity
Baseline glucose and insulin levels of female and male rats did not differ between ZnC and ZnD rats at wk 10. Figures 1a and 2a) . Of note, ZnD-AN and ZnD-EN males had significantly higher blood glucose levels at 10 min during ITT than their respective controls, and ZnD-AN and ZnD-EN females exhibited significantly higher levels of blood glucose at 10, 20, and 60 min than their respective controls (Figure 1b,c) . During GTT, both ZnD-AN and ZnD-EN males and females had significantly higher blood glucose levels at 30 min than their respective controls. ZnD-AN males and ZnD-EN males and females had significant greater blood glucose levels at 45 and 60 min after glucose injection than their respective controls (Figure 2b,c) . Serum insulin levels were measured at 0, 10, 20, and 30 min after glucose stimulation, but no differences between groups were found.
Immunoblotting of Akt Phosphorylation
In general, maternal Zn restriction was associated with moderate suppression of insulin signaling in AN and EN rats by wk 15. Specifically, in liver, phosphorylation of Akt1/2/3 in ZnD-AN and ZnD-EN females of 15 wk age was significantly lower than in the respective control females (Figure 3a,b) . Different superscript letters indicate significant differences between Znc and ZnD groups from t-test (P < 0.05) in different postnatal nutrition groups. 
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In liver of males, phosphorylation of Akt1/2/3 was significantly lower than in ZnC-EN rats only in ZnD-EN rats, but phosphorylation of Akt1/2/3 did not differ between ZnC-AN and ZnD-AN males (Figure 3a,b) . Total insulin receptor and extracellular signal-regulated kinase 1/2 phosphorylation did not differ between ZnC and ZnD females or males in the AN and EN groups (data not shown).
DIsCussIoN
A rapid rate of postnatal catch-up growth is closely related to later metabolic diseases, such as insulin resistance and obesity. Due to the multifunctional roles of Zn in physiological pathways, the effects of maternal Zn restriction on growth and insulin resistance, as well as its interaction with postnatal nutritional status, may be significant. Articles Jou et al.
Maternal Zn Restriction Interacting with Postnatal Nutrition Differentially Affected Postnatal Growth and Insulin Resistance in the Offspring
Adult body weight has been shown to be affected by IN during the suckling period, suggesting that nutritional programming of growth occurs during critical periods of early life (13) . In this study, the interaction between maternal Zn restriction and postnatal nutrition resulted in divergent effects on growth of the offspring. Although some studies on rats indicated that gestational caloric deprivation might affect the development of obesity in adulthood (19, 20) , rapid postnatal growth has been consistently associated with an increased incidence of obesity later in life (8, 21) . In this study, subsequent overweight in pups born to Zn-restricted dams who were not calorically deprived was induced only in the postnatally overfed group. This suggests a significant interaction between postnatal overnutrition and prenatal Zn restriction on the offspring's development of obesity. Links between poor fetal growth, catch-up postnatal growth, and subsequent development of insulin resistance/diabetes in adulthood have been suggested based on evidence from epidemiological and animal studies (6, 8, (11) (12) (13) (14) 22) . We found a state of insulin resistance in the offspring born to Zn-restricted rats in the adequate/excess postnatal nutrition animals but not in the postnatal undernutrition group, suggesting that maternal Zn restriction is not an independent factor in the development of insulin resistance.
Overweight and Increased Leptin Levels in Postnatally Overfed Rats Born to Zn-Restricted Dams Were Sex Dependent
In this study, significant interactions between maternal Zn restriction and postnatal nutrition affected offspring growth with gender-specific differences, whereby more significant interactions were found in males than in females ( Table 1 , at wk 12). Male offspring exhibited more pronounced and long-term overweight than females, and a significant graded increase in body weight was observed especially in males born to Zn-restricted dams ( Table 1) . Comparable data were found in one study using rats undernourished during early gestation, where only males exhibited differences in food intake and body weight later in life (20) , The authors suggested that effects of early nutritional manipulations on postnatal growth were sex dependent. In our study, significantly higher leptin levels were found in males born to Zn-restricted dams than in their respective controls at wk 15 (i.e., early adulthood) especially in the postnatal overnutrition group. Although there were no significant interactions between effects of maternal Zn restriction and postnatal overnutrition on leptin levels in our male rats, potential mechanisms behind the sex-specific relationship among leptin levels, early nutritional status, and the development of obesity should be explored further.
Although circulating leptin levels are positively correlated with fat mass (obesity) in adults, it is unknown if high leptin levels are causative in the development of obesity, because of potential feedback inhibition mechanisms and multiple functions of leptin in control of metabolism. Leptin participates in maturation of the secretion of neuroendocrine hormones in neonates (23, 24) , such as neuropeptide Y and pro-opiomelanocortin, that are related to appetite (25) , energy balance, body composition (24, 26) , and neonatal survival (27) . Germane to our work are several studies in animals that have suggested that not only leptin itself, but also its indirect actions on hypothalamic regulation, may participate in the prevention of obesity. Taken together, increased leptin secretion in Zn-restricted males at wk 3 and 15 might alter appetite and contribute to the development of overweight in early life. However, food intake was not monitored in our study, and thus we cannot exclude the possibility of differential effects of Zn deficiency upon appetite.
Maternal Zn Restriction and Its Interaction With Postnatal Overnutrition-Impaired Insulin Receptor Signaling in the Offspring
Sex-specific effects of maternal Zn restriction on insulin signaling cascades (decreased Akt phosphorylation) in skeletal muscle of female offspring were demonstrated in our previous study (18) , and similar effects on liver insulin signaling in female offspring with adequate postnatal nutrition (AN group) were observed in this study. Furthermore, maternal Zn restriction was associated with the depression of hepatic insulin signaling in both male and female offspring in the postnatally overfed group (EN group), suggesting that the combination of maternal Zn restriction and excess available calories/nutrients postnatally may impair downstream insulin signaling.
Although changes of insulin signaling cascades in pancreas were not examined in this study, we speculate that the combination of maternal Zn restriction and increased postnatal caloric intake might induce a subsequent interruption of insulin receptor trafficking in β cells of maternal Zn-restricted rats. A tissue-specific knockout of the insulin receptor at the level of the β cell in mice has been reported and was shown to have alterations in insulin secretion in response to glucose and a progressive impairment of glucose tolerance (28). 
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Phosphatidylinositol 3-OH kinase and other intermediates in the insulin receptor signaling pathway are potential additional targets for inducing abnormalities due to pre-and postnatal nutritional insults (29) .
Conclusions
Prenatal Zn restriction, as may occur in vulnerable human populations during pregnancy, was induced in pregravid rats in this study. Offspring of these dams reacted to experimental diets in differing ways, depending on their level of postnatal nutrition. In particular, in contrast to rats delivered from control mothers, those born to Zn-restricted dams and fed to excess during the early postnatal period went on to develop insulin resistance as young adults. Gender-specific changes were also noted, but the Zn-related mechanisms associated with these changes have not yet been uncovered. Recently, Caballero (30) noted a significant inverse relationship between gross domestic product in developing countries and the percentage of households in these countries having both under-(usually children) and overweight (usually adults) family members. This and other reports have called attention to the rising proportion of underweight infants and subsequent prevalence of adult obesity. Our study suggests that one potential mechanism for insulin resistance in this vulnerable population may be maternal Zn restriction.
MethoDs
Rats
The study was conducted under the auspices of Animal Resource Services of the University of California, Davis, (UC Davis Institutional Animal Care and Use Committee) accredited by the American Association for the Accreditation of Laboratory Animal Care. Virgin female Sprague Dawley rats (n = 40; 7-8 wk) were obtained from Charles River (Wilmington, MA), housed in plastic hanging cages under constant conditions (temperature 22 °C ; humidity 65%) with a 12-h dark:light cycle and allowed to consume food ad libitum. After a 3-d acclimatization period, rats were randomly assigned to one of two experimental diets (Figure 4) . The Zn-deficient pregnant rat model has been developed previously in our laboratory (18) . The Zn-adequate control group (ZnC; n = 20) was fed a semipurified diet containing 25 mg Zn/kg of diet, whereas the Zn-restricted group (ZnD; n = 20) received a diet marginally restricted in Zn (7 mg Zn/kg of diet). Rats were fed these diets from 3-wk preconception to 3-wk postparturition (weaning).
On postnatal day 2, pups were culled to 4 pups (EN), 7 pups (AN), or 13 pups (IN) per litter. Weight of pups was monitored, and half of pups were killed at 3 wk after 4 h of food deprivation. The remaining pups were separated by gender, weaned, and fed standard nonpurified rodent diet (LabDiet 5001; PMI, St. Louis, MO). For signaling experiments, the rats were injected intraperitoneally with 8 units/ kg of insulin (Humulin R; Eli Lilly, Indianapolis, IN) after 12-14 h of Three week preconception and Three week pregnancy After birth, pups were culled to different litter sizes on d 2 Figure 4 . study design, demonstrating number of rats in each group that were fed zinc (Zn) adequate control diet (ZnC, 25 mg Zn/kg diet) or Zn-restricted diet (ZnD, 7 mg Zn/kg diet) throughout the study. After birth, litters were culled down to different postnatal groups (excess nutrition (eN), 4 pups/dam; adequate nutrition (AN), 7 pups/dam; inadequate nutrition (IN), 13 pups/dam), and there were six postnatal groups. Pups were nursed with their dams fed ZnC/ZnD diets during lactation, half of pups from each postnatal groups were killed at age of 3 wk, and the remainder were separated from their dams and given nonpurified rodent diet. Insulin and glucose tolerance tests (Itt, Gtt) were performed at 10 wk of age.
